We investigate the fate of the Indian lithosphere following its descent beneath western Tibet by means of tomographic imaging based on arrival times of body waves from regional and teleseismic sources recorded by a portable network deployed in the region from 2007 to 2011. We use a non-linear iterative algorithm that simultaneously models absolute, regional, and relative teleseismic arrival times to obtain a 3-D velocity structure in a spherical segment that extends from 26°N to 37°N, from 76°E to 89°E, and from the surface to 430 km depth. We find that variations in P and S wave speeds in the upper mantle are similar, and identify a number of prominent fast anomalies beneath western Tibet and the adjacent Himalayas. We associate these fast anomalies with the mantle lithosphere of India that is likely colder and hence faster than the ambient mantle. Resolution tests confirm the ability of our dataset to resolve their shapes in the upper 300 km, and the lack of significant downward smearing of these features. We interpret the presence of faster material below 300 km as being consistent with former Indian lithosphere having reached these depths. There are two main fast anomalies in our model. One resembles a $100 km wide sub-vertical column located directly beneath the India-Asia plate boundary. The other anomaly is thinner, and has the shape of a dipping slab that spans the north-south width of the Lhasa block. It dips towards the NE, starting near the Indus-Yarlung suture and ending north of the Bangong-Nujiang Suture at depths in excess of 300 km. Another finding of our study is the absence of major fast anomalies west of $80°E, which our resolution tests show to be significant. Our results do not support the notion of a continuous body of formerly Indian lithosphere being presently underthrust northward, and extending all the way to the northern boundary of the plateau. Rather, shapes of fast anomalies in western Tibet suggest colder material beneath the northernmost Himalaya and the southernmost part of the plateau. The presence of multiple relatively small-scale anomalies, rather than a single large fast body aligned with the India-Asia boundary, rules out subduction of the intact Indian lithosphere. Our preferred scenario for the process that currently removes the mantle lithosphere of India from the collision zone envisages viscous behavior, with gravity-driven instabilities leading to the formation of multiple drips of different size. To reconcile our findings with evidence of past underthrusting of Indian lithosphere beneath Tibet we postulate a geologically recent change in the mode of lithosphere removal. Our scenario includes initial underthrusting, subsequent gravitational destabilization, and removal of the mantle lithosphere of Indian plate. At present the mantle lithosphere of India that continues to underthrust southern Tibet develops a drip-like instability that is seen as a fast columnar feature in our model.
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Introduction
The ongoing convergence between India and Eurasia provides the best and largest scale example of contemporaneous continental collision. At present the Indian plate moves in the NNE direction with respect to the Eurasian plate, at a rate of 42-45 mm/yr (e.g., DeMets et al., 2010) .
The amount of the mantle lithosphere consumed since the onset of the India-Asia collision continues to be debated. A recent reconstruction of Greater India by van Hinsbergen et al. (2011 van Hinsbergen et al. ( , 2012 postulates $2000 km of lithosphere having been consumed since $50 Ma beneath the western part of the Tibetan plateau, with a caveat that the continent-continent collision took place as recently as 20-25 Myr ago. Preceding convergence involved microcontinents, as well as extended continental and/or oceanic lithosphere of the Greater Indian Basin. An alternative scenario offered by Jagoutz et al. (2015) has mostly oceanic lithosphere subducting beneath present-day Tibet until at least 50 Myr ago, and a final collision taking place $40 Myr ago. Both scenarios invoke episodes of slab break-off. Nevertheless, regardless of the timing of the final continent-continent collision, at the present rate of convergence no less than 1000 km of Indian mantle lithosphere must have been consumed in the process. The fate of this lithosphere is unclear.
Global-scale seismic images fail to identify an unbroken fast anomaly extending from the Himalayas to lower-mantle depths. Instead, a number of studies (van der Voo et al., 1999; van Hinsbergen et al., 2012; Replumaz et al., 2012) associate midand lower-mantle fast seismic anomalies beneath and to the south of India with that lost lithosphere. Multiple episodes of slab breakoff are proposed to explain distinct bodies of colder material that were left behind as India moved north (DeCelles et al., 2002) .
Global and regional-scale images of upper mantle structure show a volume of elevated seismic wave speeds beneath Tibet. Depending on the imaging methodology and the location of the vertical section, it either reaches the transition zone (e.g., Tilmann et al., 2003; Li et al., 2008; Replumaz et al., 2012) , or else is limited to the upper $250 km of the mantle (e.g., Priestley et al., 2006) . The lateral extent also varies, from being limited to the southern part of Tibet (e.g., Li et al., 2008) to underlying most of the plateau (Dricker and Roecker, 2002; Priestley et al., 2006; Lebedev and van der Hilst, 2008) . While apparently homogeneous in large-scale imaging results, the fast volume appears to have internal structure when more data on a local-to-regional scale become available. For example, Liang et al. (2012) document longitudinal changes within the overall faster region beneath southern Tibet that are as strong as those in the north-south direction, and relate them to the fragmentation of the Indian mantle lithosphere thrust beneath Tibet. Zhang et al. (2012) find similar lateral variability in the upper mantle of southern and central Tibet at $84°E, a conclusion supported by a joint inversion of seismic and gravity data (Basuyau et al., 2013) .
What fraction of the Greater India lithosphere is still present in the upper mantle beneath Tibet is open to interpretation, especially so in the western part where imaging is less well constrained due to lack of data. If the fast anomaly beneath western Tibet represents a continuous subduction-like episode, its length may be related to recent relative plate motion. However, it is plausible that elevated seismic velocities in the upper mantle indicate the presence of more than one mantle lithosphere. This could happen, for example, if sections of Greater India lithosphere were underthrust beneath Tibet more than once, and became either crumpled or stacked up on top of each other. An alternate view of preexisting Asian lithosphere underlying northern Tibet has numerous adherents as well (e.g., Kind et al., 2002; Wittlinger et al., 2004; Nabelek et al., 2009; Chen et al., 2010) . The existence of coherent mantle lithosphere is questioned in eastern Tibet (e.g., Liang et al., 2012 ), but appears to be more likely in the northwest due to high seismic speed and the presence of deep earthquakes (Chen and Yang, 2004) .
Besides the insight into the geodynamic history of the IndiaAsia collision, the configuration of former Indian lithosphere beneath Tibet presents an excellent test of the more general ideas on the rheology of the continental lithosphere. The mantle lithosphere of a mature continent likely occupies an intermediate position between the end members of an elastic plate (e.g., Lyon-Caen and Molnar, 1983) and a purely viscous volume (e.g., Houseman and McKenzie, 1981) . Pysklywec et al. (2010) discuss a range of modes that the deformation of continental lithosphere may assume, depending on a variety of parameters such as the temperature, rheology and the convergence velocity. The natural experiment of the India-Asia collision has many of the variables (e.g., history of convergence) constrained, and thus the shape of the resulting volume(s) of former continental lithosphere will shed light on the others, especially rheology.
To explore the fate of the Indian lithosphere beneath western Tibet we carried out a tomographic imaging effort based on the analysis of data from a temporary seismic network that operated in the region. We used body wave travel times to construct a 3D model of seismic velocity distribution in the crust and the upper mantle of western Tibet. This study extends a previous investigation of the structure above 100 km depth (Razi et al., 2014) . It focuses on the upper mantle, includes travel times of teleseismic P and S waves, as well as an expanded set of regional P and S waves, and employs a joint inversion of all data.
Tectonic setting
Our region of study comprises parts of three major tectonic units: the Himalayas, which reside on the Indian plate, and the Lhasa and Qiangtang blocks of the Tibetan plateau ( Fig. 1) , which are part of the Eurasian plate. The India-Asia plate boundary follows the Karakoram Fault (KKF) and the complex fault systems of the Indus-Yarlung Suture (IYS). The Lhasa block is the southernmost section of the Tibetan plateau and widens toward the east. The Lhasa block is bounded to the south by the IYS and is separated from the Qiangtang block to the north by the Bangong-Nujiang Suture (BNS). The Qiangtang block is about 500-600 km wide in its central part, and becomes narrower (<150 km) toward the west, where it extends to the Karakoram Fault (Yin and Harrison, 2000) . The geological structure of western Tibet includes late Precambrian to early Paleozoic sedimentary and meta-sedimentary rocks in the Himalayan orogen (Murphy and Copeland, 2005; Yin and Harrison, 2000) , ophiolitic sequences and magmatic rocks spanning a large range of ages ($130 to 40 Myr) within the Lhasa block (Kapp et al., 2003 (Kapp et al., , 2007 , and metamorphic rocks derived from marine sediments in the Qiangtang block, including younger (Triassic) flysch deposits and older (Late Paleozoic) shallow marine deposits (Yin and Harrison, 2000) . The blocks of the Tibetan plateau (e.g., Lhasa, Qiangtang) have distinct tectonic histories. The date of the final assembly of the Tibetan plateau continues to be debated; a broadly accepted date of $50 Myr (Yin and Harrison, 2000) has a a a a a a a a a a a a a a a a a a a a a a a a y y y y y y y y y y y y y y y y y y y y y y y y y y y y y y a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a s s s s s s s s s s s s s s s s s s s s s s s s (Hetzel et al., 2011; Rohrmann et al., 2012) . Southward subduction/underthrusting of Asian lithosphere beneath the Tibetan plateau has been proposed by a number of authors (Lyon-Caen and Molnar, 1983; Wittlinger et al., 2004) . Recent studies of regional seismicity along the western part of the Altyn-Tagh Fault (Huang et al., 2011; Levin et al., 2013) challenge this notion with evidence of approximately east-west directed stress throughout the crust at the Tibet-Tarim boundary, and its apparent alignment with the upper mantle deformation directly beneath the northwestern edge of the plateau.
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Data
The data analyzed in this study consist of P and S wave arrival times from both regional and teleseismic events recorded by an array of 31 broadband (Streckeisen STS-2) seismic stations that operated in western Tibet from the summer of 2007 until the summer of 2011 ( Fig. 2 and Supplementary Fig. 1 ). A subset of the regional earthquake data recorded from 2007 through 2010 was used in a previous tomographic inversion by Razi et al. (2014) . In this study, we add both teleseisms and an additional year of regional earthquake data. Our full set of regional observations includes 4096 and 1911 arrival times of P and S waves, respectively, from 403 earthquakes with magnitudes larger than 3 (as defined in the China Earthquake Administration catalog) that occurred between 2007 and 2011. After applying selection criteria described in Razi et al. (2014) for quality control, 3758 P wave and 1797 S wave arrival times from 350 events remained for the inversion (Fig. 2) .
We combine the regional data set with arrival times of P and S waves from 677 teleseismic events reported by the ISC catalog to have magnitude greater than 5.5 and an epicentral distance between 30°and 100°from our study region (Fig. 2, inset) . Relative arrival times are estimated using a quasi-automatic procedure based on the joint waveform correlation algorithm of VanDecar and Crosson (1990) as implemented in the Gphase program (Roecker, unpublished) .
Prior to correlating, the waveforms are band-pass filtered between 0.01 and 0.25 Hz for S waves, and 0.05-1 Hz for P waves as these tend to be the bands with the best signal to noise ratio. The width of the cross-correlation time window is chosen to include the most distinctive part of the waveform (typically between 4 and 8 s, or the first one or two complete cycles on the seismogram). Using this procedure we measured 9873 P wave relative arrival times and 7187 S wave relative arrival times. Based on the overall quality of the correlations, we assigned general time uncertainties of 0.1 and 0.6 s to the P and S-wave measurements, respectively.
Methodology
We generate tomographic images using a non-linear iterative algorithm described in Roecker et al. (2004 Roecker et al. ( , 2006 and Nunn et al. (2013) that simultaneously models absolute regional and relative teleseismic arrival times to obtain 3-D velocity structure in a spherical segment beneath the study area. The IASP91 model (Kennett and Engdahl, 1991 ) is used to calculate slowness at points along the bottom of the segment. P and S wave speeds within the study volume are assigned to a set of nodes and determined anywhere within the model by trilinear interpolation. Travel times within the model are calculated using a spherical adaptation of the Hole and Zelt (1995) finite difference algorithm similar to that described by Zhang et al. (2012) . Using a spherical coordinate system mitigates effects of the curvature of the Earth over the large area (about 1200 Â 1200 km) we are modeling. Differences in station elevation are accounted for explicitly by embedding the stations within the model. Perturbations to wave speeds within the model are determined iteratively using a weighted (by data variance) damped least squares algorithm that minimizes the arrival time residuals. Iterations continue until the reduction in variance becomes negligible. One important aspect in our procedure is that following an initial relocation of regional hypocenters in the Razi et al. (2014) model, we fix the hypocenters and origin times in subsequent inversions for wave speeds. This step follows the approach of Razi et al. (2014) , who showed that geometry of the western Tibet network can lead to strong coupling between the origin times and depths of regional earthquakes.
To take advantage of the work already done by Razi et al. (2014) , we constructed a starting model combining their results at depths less than 195 km with the IASP91 model for depths between 195 and 430 km (note that for numerical reasons related to the computation of travel times with finite differences the top of the model is 30 km above sea level). To compensate for the generally lower resolution resulting from fewer and less accurate S wave arrival times, we parameterize the medium in terms of Vp and Vp/Vs ratio values.
The degree of damping in an iterative approach is governed by the goal of achieving stable convergence without a large number of iterations, and was chosen on the basis of a series of trial inversions. In addition to damping we apply an a posteriori smoothing to perturbations to the model via a moving average window of ±5 nodes in both horizontal dimensions and ±3 nodes in the vertical. The rationale behind applying this additional smoothing is to mitigate artifacts due to nonlinearity introduced in a single iteration.
The model extends from 26°N to 37°N, from 76°E to 89°E, and from À30 to 430 km depth with a grid spaced approximately 10 km in each direction. These boundaries were chosen to satisfy algorithmic requirements that (1) all observing stations and the regional event hypocenters are within the model, and (2) all teleseismic rays enter the volume through the lower boundary of the model (as opposed to the sides).
With the preferred damping constant (200 in this case) we were able to achieve a stable convergence. After 6 iterations, the overall variance relative to our initial model was reduced by 81%, and the variance reduction between two successive iterations was small (0.07%). Most of the misfits for P waves after 6 iterations are in the 0.2-0.6 s range, while S waves delays are between 0.1 and 0.8 s.
Tomographic models
Results of our joint inversion indicate that variations in P and S wave speeds in the upper mantle are quite similar. This is illustrated in Fig. 3 that shows maps and profiles through the entire model volume for both P and S velocities. In the following discussion we focus on the S wave speeds, and in particular those in the central part of the model that are well sampled by ray paths (Figs. 4 and 5). For comparison we present corresponding P wave velocity images in Supplementary Figs. 2 and 3 .
There are two prominent fast anomalies in our images of the upper mantle. The first, located between 80°-83°E, and 29°-31.5°N (labeled 1 in Fig. 4) , trends SW-NE and dips vertically. This feature widens below 300 km depth and occupies most of the model volume south of the IYS. The second (labeled 2 in Fig. 4 ) appears as an inclined sheet trending NW-SE. This fast anomaly extends north of the BNS at depths greater than 300 km, and is limited laterally at 80°E. Other smaller, but notable, anomalies in these images include a narrow sub-vertical feature along the BNS located at 32°N and 84°E, and a prominent slow anomaly at depths greater than 150 km beneath the Lhasa block between 80.5°-81.5°E and 31°-32.5°N.
As discussed below, we conducted several tests to assess the reliability of these images. As a general statement, maps of ray coverage (and in particular where we have crossing rays), suggest that the better resolved parts of the images are between the IYS and BNS (in N-S direction) and between longitudes of 79°E and 83°E and to depths of $400 km. Some large anomalies appear outside of these bounds, but we do not believe that their values and shapes are reliable. A Supplementary Fig. 4 shows images presented in Fig. 5 , but without ray density overlay. In particular, a slow anomaly dipping to the SW (left parts of cross-sections A and B in Fig. 5 ) and the proximal parts of the adjacent fast anomaly are poorly constrained. Similarly, narrow slow anomalies under the BNS (Fig. 5 , left side of cross-section D) have limited ray coverage, as does the broad slow feature at depths in excess of 300 km beneath the Lhasa block ( In order to examine whether the relatively fast anomaly features (e.g., feature #1 in Fig. 4 ) are indeed faster than a global average (and also to show that our model could explain first order observations), we compared S-wave travel time delays calculated in the starting 1D model with those from the final 3D model. We first plotted the rays arriving at each station, and examined which of them pass through a fast anomaly. We then identified the delay times that are associated with these rays, concentrating on a range of À1.5 to 1.5 s that contains the majority of delay values (Supplementary Fig. 5 ). An example of a comparison of S wave delays at site MONS (Fig. 6) shows a large number of rays passing through the most prominent fast anomaly (#1 in Fig. 4) . Prior to the inversion the majority of delays for rays arriving from the SE (120°-150°) are negative, suggesting the need for velocities in excess of IASP91 values. In the final model the travel time delays become smaller and most of the slow travel time delays are distributed in back-azimuths between 90°and 120°, suggesting that the final velocities in the final model may be too high. Rays showing large negative delays in the final model likely sample the edges of the model that are poorly constrained and contain artifacts.
Resolution tests
To evaluate the ability of our observations and the inversion procedure to recover the upper mantle structure beneath western Tibet, we constructed several synthetic models with ±5% velocity anomalies for S wave speed. We computed synthetic travel times using the same event and station locations as in our dataset, and then inverted these synthetic travel times in the same way as the real data. In particular, we used the same damping value and smoothing as those in the inversion of the real data. In each resolution test, the changes in variance between two successive iterations became small after four iterations.
The first resolution test evaluated our ability to recover an inclined fast velocity body as may be expected in case of the slab-like subduction of intact Indian lithosphere along the entire length of the India-Asia boundary. Our slab-like feature (Fig. 7) occupies the width of the resolved volume (79.0°-83.7°E in longitude, and 29.5°-32.5°N in latitude). At three different depths we defined three 100 km thick blocks with high speeds arranged in an arcuate pattern. The overall shape of the fast anomaly is that of an arcuate stairway, aligned with the India-Asia collision and dipping to the NE. An inversion of synthetic data generated with this anomaly shows that the slab-like feature is well recovered at depths below 200 km. In the eastern part of the model (Fig. 7b) the entire input anomaly is recovered well, including the part reaching all the way to the top of the transition zone. There is a truncation of the anomaly in the upper 150 km, and some smearing observed, laterally at the edges of it, and also downward. Also, as is typical for this type of inversion, there is some reduction of the anomaly strength in the recovered images, with peak values of anomalies being $3-4%, while the input structures had 5% deviations from 1D.
The second test assessed the ability to constrain lateral transitions from fast to slow anomalies in the E-W direction. The synthetic model contained two blocks with fast anomalies and one block with a slow anomaly at the locations seen in the result of our inversion (Fig. 8) . The fast anomaly blocks are located between 100 and 350 km depth and were defined between 29°-30.8°N and 30.8°-32.5°N latitude, and between 80.5°-82.8°E and 81.6°-83.4°E longitude. The slow anomaly was defined between 30.8°N and 32.5°N latitude, and between 80°E and 81.6°E longitude. Results of this resolution test demonstrate a capability of our data to constrain a sub-vertical change from fast to slow wave speeds in the depth range from 100 to 300 km. Below 300 km there is significant distortion of the shapes of the anomalies. The reconstructed fast anomaly appears narrower and weaker at the bottom of the synthetic model, and the slow anomaly appears broadened and weaker. Additionally, the eastern and western edges of the input anomalies were not recovered, and a minor low wave speed artifact appears at the eastern edge of the recovered model. Results for the S wave structure along the east-west cross section at 32°N latitude show that the model is well resolved within the aperture of the network. However, the bottoms of both the fast and the slow blocks are smeared.
This resolution test also provided a basis for assessing the reliability of the vertical column-like fast anomaly feature (#1 in Fig. 6 ). The result (Fig. 9) suggests that our tomographic inversion should be able to resolve a similar vertical column-like fast anomaly feature above 250 km depth, but that the resolution of this feature will be poor at greater depths. Moreover, artifacts appear near the top and bottom of the model. Specifically, the inclined fast streak on the left side of the cross-section implies that similar features in the real inversion result should not be trusted. This artifact appears to be due to low ray density in this region. Also, smearing of the anomalies makes the recovered fast feature weaker in the lower left part of the cross-section, creating a false impression of a dipping fast feature.
Main findings
Variations of P and S wave speeds in our final model are of similar size, and have very similar shapes (Fig. 3) , reflecting the fact that Vp/Vs ratios do not change appreciably with respect to those of the starting model.
Our tomographic images show that the upper mantle structure beneath western Tibet and the adjacent Himalayas contains a number of prominent fast anomalies (Figs. 3-5) . Analysis of travel time delays accumulated along rays passing through these fast anomalies suggests that their wave speeds are indeed higher than the global 1D model (Fig. 6 ). This finding argues in favor of associating the fast material with the mantle lithosphere of India that is expected to be colder, and hence faster, than the ambient mantle.
We are confident in the ability of this dataset to resolve the shapes of fast anomalies in the upper 300 km of the model. While the control on shape is weaker at greater depths, our resolution tests do not show evidence for significant downward smearing of these features, and thus we interpret the broad presence of faster material below 300 km (Fig. 5) as indicative of former Indian lithosphere having reached to these depths.
Above $250 km depth the faster material is limited largely to regions south and west of the BNS. Some fast anomalies do extend to the north and east of the BNS at depths in excess of 300 km. We do not believe these to be artifacts, but note that the volume of these faster regions is modest.
There are two main fast anomalies in our model. One resembles a $100 km wide sub-vertical column located beneath the IndiaAsia plate boundary, marked locally by the IYS. The apparent south-westward extension of this anomaly in cross-section B (Fig. 5) is most likely an artifact of the ray geometry (cf. Fig. 9 ). The other anomaly is thinner, and has the shape of a dipping slab. It spans the north-south width of the Lhasa block, possibly starting near the IYS at shallow depths, and reaches north of the BNS at depths in excess of 300 km (Fig. 5, cross-section A) .
A significant finding of our study is the lateral truncation of major fast anomalies at $80°E. As our first resolution test shows (Fig. 7) , the presence of fast material along the entire length of the India-Asia contact in our region should be well resolved by our data. Consequently, we are confident that an absence of a continuous fast feature following the trend of the IYS is significant. In the upper mantle west of 80°E we do not find a signature of a continuous slab at depth. Instead, we find smaller fast anomalies that are separated from the two larger features further to the east by a prominent slow feature. The slow anomaly is visible most clearly at depths over 200 km, and is especially strong below 300 km. Resolution tests (Fig. 8) confirm our ability to constrain the sharp lateral changes in seismic velocity seen in our images.
Discussion

Comparison with other studies
As a result of the two-dimensional array geometry and the long duration of observations from the network operated in western Tibet, the findings we present are the first to combine a broad regional coverage with a lateral resolution on the scale of a few 10 s of km. Nearby imaging efforts by the HiCLIMB project (e.g., Basuyau et al., 2013) are limited by the near-linear geometry of the observing array and the short recording period, while studies on a larger scale (e.g., Li et al., 2008) could not constrain smaller features due to a lack of local observations. A useful comparison in terms of both spatial coverage and lateral resolution is the study by Liang et al. (2012) that combined a number of data sets in south-central Tibet.
Our study is also the first to resolve the shear wave velocity structure of the upper mantle in this region. Past studies probing Fig. 4 . Gray shading shows ray density, with full shading for <5 rays, gradational shading from 5 to 100 rays, and no shading for over 100 rays. Together with formal resolution tests discussed in the following section, this provides a means of assessing the reliability of individual features in our model. A Supplementary Fig. 4 shows same cross-sections without ray-density shading. The topographic profile is shown above each plot. Gray lines represent projections of the IYS and BNS sutures. Numbered green ovals identify main fast anomalies discussed in the text, same as Fig. 4 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) the shear wave speed relied on surface waves (e.g., Priestley et al., 2006; Gilligan et al., 2015) or ambient noise (e.g., Yang et al., 2010) , with attendant limitations on both lateral resolution and vertical reach. . Ray paths and relative S wave delays for site MONS (see Supplementary Fig. 1 for site names) . Map shows a horizontal slice of the final S wave velocity structure at 200 km (colors as in Fig. 3 ). Polar diagrams show individual delays for each ray. Only delays within the ±1.5 s range are shown. Blue symbols show positive delays (that imply the true velocity needs to be higher), red symbols show negative delays (which imply the true velocity needs to be lower). Left diagram is for the starting model with IASP91 velocity profile below 195 km (see text for details), right diagram is for the final 3D velocity structure. Similar diagrams for all sites of the network are in Supplementary Fig. 5 . A significant reduction in the number and size of negative (red) relative delays in the SE quadrant of the diagram supports the need for high velocity values within the anomaly #1 of Fig. 4 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) study does not find fast material extending significantly past the BNS. Key differences between our results and those of Li et al. (2008) are in the lateral extent, and the degree of continuity of the fast material found beneath western Tibet. Our study shows conclusively that in the upper mantle (depths 100-300 km) fast anomalies are laterally limited, and have significant slow features separating them. The cause for discrepancy is mostly in the data set used -our study employs observations directly above the region, something Li et al. (2008) study lacked.
The conclusion that little, if any, Indian lithosphere material reaches north of the BNS is also in concert with the laterally very limited study of Basuyau et al. (2013) . On the other hand, this finding contrasts strongly with results based on surface waves (Priestley et al., 2006; Wittlinger et al., 2004) and underside S-wave reflections (Dricker and Roecker, 2002 ) that agreed on an overall faster upper mantle extending beneath the entire northsouth extent of the Tibetan plateau west of $85°. Our study cannot constrain upper mantle features north of $34° (Fig. 3) , and thus it is quite possible that other fast anomalies exist under the northwestern part of the plateau. However, our results rule out a continuous sub-horizontal fast body underlying the plateau. Rather, a number of distinct sub-vertical features is found between IYS and BNS. The apparent continuity of the fast material in the upper mantle found in studies by Dricker and Roecker (2002) Wittlinger et al. (2004) and Priestley et al. (2006) likely derives from the lateral resolution limits in the techniques they have employed.
Geodynamic implications: current process in the upper mantle
Images of the upper mantle structure constrained with our data provide a basis for rejecting some of the possible scenarios for the fate of Indian plate mantle lithosphere after its collision with Asia. Specifically, the notion of a continuous body of formerly Indian lithosphere being presently underthrust northward, and extending all the way to the northern boundary of the plateau (Priestley et al., 2006; Zhao et al., 2010 ) is clearly incompatible with our results. Rather, shapes of fast anomalies we constrain suggest a downward extension of the colder material beneath the Himalayas and the southern part of western Tibet, largely limited to the area beneath the Lhasa Block.
The fact that there are multiple relatively small-scale anomalies, and not a single large fast body aligned with the India-Asia boundary, rules out subduction of the intact Indian lithosphere as well. There is one anomaly (#2 in Fig. 4 , cross-section A in Fig. 5 ) that has the appearance of an inclined slab descending to the north-east. However, the strike of this anomaly (Fig. 4) is oblique to the trend of India-Asia collision (as exemplified, for example, by the IYS), and it does not extend all the way to the top of the upper mantle (e.g., it is not present in the 150 km depth slice, Fig. 4) .
There is an obvious difference in the upper mantle structure east and west of $80°E, with a much larger volume of fast material to the east, and only small-scale features present to the west. It ) thus appears that at present the process of consumption of the Indian lithosphere in the collision zone is not uniform along strike.
The most prominent fast feature in our model is columnar in shape, is located beneath the boundary (marked by the IYS) between India and Asia, and extends through the entire volume of the upper mantle that we can resolve. While not well constrained below $350 km, this feature likely reaches the top of the transition zone (see Fig. 5, cross-section B) . The shape and orientation of this feature are most compatible with a viscous downwelling of colder material, as envisaged by Houseman and McKenzie (1981) . In addition to this large drip, we can identify other, smaller, features of the model that would also be compatible with viscous behavior. Two such features are located beneath the trace of the BNS, and are well defined between 200 and 300 km (Fig. 4, slices 200 and 300 km). Their horizontal width of <50 km is at the lower end of the range suggested by Conrad and Molnar (1997) .
Another, broader and less well defined feature, appears under the Himalayas and the IYS at $32°N and 79°E. It is only present in the uppermost mantle, between 100 and 250 km.
Our preferred scenario for the process that currently removes the mantle lithosphere of India from the collision zone envisages viscous behavior, with gravity-driven instabilities leading to the formation of multiple drips of different size. The largest of such drips is the anomaly #1 (Fig. 4) we see in the southeast part of our model. It connects to the shallow fast anomalies constrained by regional seismic waves, and is likely the most recent such feature to form. Areas west of $80°E where much less fast material is seen in the upper mantle may have seen an earlier development of a similar drip which has by now descended beyond the depth limit of our model. Alternatively, Indian continental mantle material from that area may have flowed along the strike of the collision, and into the large drip we are imaging.
Implications for the history of the India-Asia collision
While the formation of gravity-driven viscous instabilities is a likely consequence of the emplacement of continental mantle lithosphere beneath Tibet, the emplacement itself has to occur in a ''plate-like" underthrusting mode. In addition to this general logic, we have two observations that point to the likelihood of a whole-lithosphere underthrusting episode beneath the Lhasa block in recent geologic past. Firstly, one of the fast anomalies we find (#2 in Fig. 4 , cross-section A in Fig. 5 ) has an appearance of an inclined slab. Secondly, our previous work on the crustal structure of the region (Razi et al., 2014) has identified a strong fast anomaly immediately below the crust. The narrow elongated shape of that fast anomaly, and compressional velocity values in excess of 8.3 km/s within it, were interpreted as evidence for the presence of eclogite. Evidence for eclogite in the lower crust of southern Tibet was reported by many studies crossing the India-Asia collision zone (Schulte-Pelkum et al., 2005; Hetényi et al., 2007; Nabelek et al., 2009; Huang et al., 2009) . The mechanism for eclogite formation is the underthrusting of the iron-rich rocks of lowermost crust of India beneath the thick crust of the Tibetan plateau. The extent of the layer of fast material interpreted as eclogite is often taken as a marker of the northward reach of the underthrust Indian lithosphere (e.g., Nabelek et al., 2009) .
This evidence for the underthrusting of Indian lithosphere may be reconciled with our interpretation of the vertical fast anomalies as viscous drips if we postulate that the mode of India-Asia collision has changed in a relatively recent geological past.
We propose a multi-stage scenario. In the first stage (time 1 in Fig. 10 ), the Indian lithosphere underthrusts Tibet at least as far as the BNS. In the course of this underthrusting a layer of lower crustal material is placed beneath the crust of Tibet, and converts to eclogite (time 2 in Fig. 10 ). Following this underthrusting stage, the underthrust mantle lithosphere delaminates. This delaminated lithosphere either bends as a slab undergoing rollback, or else sinks as a stiff plate-like body, forming the slab anomaly #2 we see beneath the Lhasa block (time 3 in Fig. 10 ). Material of previously underthrust Indian lithosphere that is presently sinking into the upper mantle beneath western Tibet is likely represented by other small high-velocity features we see in our model. This process leaves some of the eclogitized Indian crustal rock behind, and it is presently visible as a narrow strip of fast velocities just beneath the Moho (Fig. 13 in Razi et al. (2014) ). Finally, the mantle lithosphere of India that continues to descend beneath southern Tibet develops a drip-like instability that is seen as a columnar feature that resides in part beneath the northern Himalaya and in part under the southernmost Tibet. Rather, as conditions change, the way mantle lithosphere of a continent caught in a collision is disposed of will change as well. The changes in conditions that may prompt a transition from slablike behavior to the viscous dripping may be external (e.g., a change in the rate of convergence) as well as internal (e.g., variation in the rheology of the incoming continental lithosphere).
One implication of the fact that we do see evidence for at least two different modes of mantle lithosphere ''disposal" in our tomographic image is that these changes can be geologically quite rapid. If our anomaly #2 (Fig. 4) indeed represents a section of former Indian continental lithosphere that was underthrust beneath Tibet, and subsequently started sinking via a process similar to oceanic lithosphere rollback (Malinverno and Ryan, 1986) , the initiation of sinking must be a relatively recent event. Numerical experiments in continental lithosphere removal during collision (Pysklywec et al., 2010) show descent rates of detached lithospheric fragments on the order 5 cm/yr or more. At this rate it will take less than 10 Myr for detached lithosphere to leave the upper mantle volume we are imaging.
Combining the inference of the recent change in geodynamic conditions with the fact of relative stability in the India-Asia convergence rate over the last 20-25 Myr (van Hinsbergen et al., 2011; Jagoutz et al., 2015) we conclude that the lateral variation in properties of the Indian mantle lithosphere arriving at the convergent boundary is a good explanation for the change in the mode of lithosphere removal.
8.5. Upper mantle structure of the lithosphere and the makeup of the future stable continent
The overall characterization of the upper mantle beneath the Himalayas and Tibet that emerges from our study is quite similar to the findings of Liang et al. (2012) in another part of the IndiaAsia collision zone. In both cases, small-scale lateral heterogeneity is found in the upper mantle, with changes in the direction of India-Asia convergence being of the same scale (both laterally and in terms of intensity of anomalies) as changes along the trace of the collision. Liang et al. (2012) explain their findings in terms of the breakup of the Indian mantle lithosphere that occurs following its emplacement beneath the Tibetan plateau. We contend that our findings likely reflect a similar process, and that the breakup does not have to be via a brittle failure, but may rather evolve in a manner of viscous drips (e.g., Houseman and McKenzie, 1981) .
A broader implication of the similarity of laterally heterogeneous upper mantle found along the India-Asia collision zone may be that this is a general mode of behavior for the continental lithosphere forced deeper into the mantle, and that this process is a rule rather than exception for continent-continent collisions. In this regard it may be useful to recall the remarkable complexity of the upper mantle structure beneath continents that were shaped by past continental collisions. In particular, the Grenville province of eastern North America is often compared to the Himalayan orogeny (Hynes and Rivers, 2010) . Local studies of the Grenville-age upper mantle (e.g., Levin et al., 1995; Li et al., 2003; Villemaire et al., 2012) , and more recent broader imaging facilitated by the Earthscope project (Yuan et al., 2014; Burdick et al., 2014) document significant lateral variations in its seismic properties. These variations are hard to reconcile with the long-term tectonic quiescence of the Grenville. In view of the heterogeneous velocity structure imaged along the Himalayas and the southern part of Tibet, we speculate that this structure may be inherited by the future stable continent when India-Asia collision eventually stops.
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